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Lead-halide perovskites are highly promising for various optoelectronic applications including laser 
devices. However, fundamental photophysics describing the lasing behaviour in this material family 
have not been investigated systematically, and thus the detailed lasing mechanism remains veiled. 
Here, we demonstrate that an all-inorganic perovskite shows a lasing emission based on a novel 
principle. A series of photoluminescence experiment results reveals that the excited state of CsPbBr3 
single crystal exhibits free carrier nature. In a form of microcavity, on the other hand, the CsPbBr3 
single crystal shows emission from polaritonic excited state, demonstrating the coexistence of 
excitonic nature. Room temperature polariton lasing is also clearly observed. This unprecedent 
mechanism, i.e. polariton lasing based on free-carrier reservoir, is accomplished by the exciton/free-
carrier hybrid nature of CsPbBr3.  
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Introduction 
Recent advances in research fields on lead halide perovskites unveiled great potential of this material 
family for applications in various optoelectronic technologies such as photoelectric conversion and 
electroluminescence.1-3 Excellent optoelectronic properties of the perovskites, such as the very wide 
variation in bandgap4,5 and high photoluminescence quantum yield,6,7 offer a considerable prospect 
also as lasing media with various functionalities,3,8 e.g. the colour tunability and low power 
consumption. Lasing operations with many types of resonators including microcavity,6,9 distributed 
feedback,10,11 and whispering gallery modes (WGM) 12-14 have been demonstrated with perovskites 
in forms of thin films,6,8-11 microcrystals,12-14 and colloidal nanocrystals.15,16 In addition to 
conventional ‘photon lasing’, some studies have demonstrated ‘polariton lasing’ in the perovskite 
microcavities,17,18 where an optical cavity mode and a exciton transition dipole moment are strongly 
coupled to form a polariton quasi-particle.19-23 The macroscopically coherent state of condensed 
polariton22-24 is an important platform to develop the devices used for quantum information 
science,25 e.g. quantum computing26,27 and single photon emission28. 
 However, due to the mysterious nature of excited states of lead halide perovskites, detailed 
mechanism of lasing phenomena found in these materials are not yet fully understood.29 In the first 
place, it is unclear whether the excited species that causes lasing is free carrier or exciton.9,30-32 It is 
likely that the exciton binding energy of perovskite depends on kinds of ions forming the perovskite 
lattice, alloy composition, and impact of screening effect,7 meaning that we need to carefully identify 
the types of electronic excited state at room temperature. Furthermore, it has been pointed out that 
spin-related phenomena, e.g. spin-orbit coupling and/or Rashba splitting effect,33 cause a conduction 
band reconstruction and can trigger momentum- and/or spin-forbidden transitions.34-36 These are 
relevant to excited-state lifetime and radiative recombination rate, leading to a variation in the lasing 
threshold. Also, strong reabsorption effect and low nonradiative recombination rate of perovskite 
may cause a repetitive event of photon emission, reabsorption, and carrier (or exciton) diffusion, 
known as photon recycling.37,38 As the photon recycling leads to a spatial diffusion of the excited 
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species in a crystal,39,40 it may affect the formation of population inversion. However, there is no 
study on the relationship between the above-mentioned photophysics and the lasing mechanism. 
 Here we present a series of experimental results on photoluminescence (PL) measurements 
for all-inorganic perovskite single crystals and their microcavities and show a novel mechanism of 
coherent emission based on exciton/free-carrier hybrid nature. The microplate of CsPbBr3 single 
crystal shows a double-PL profile caused by Rashba splitting effect. Pumping fluence dependent PL 
measurements indicate the emergence of radiative bimolecular recombination of free carriers. In a 
form of microcavity, on the other hand, angular dependent PL results clearly shows the emergence of 
polariton lasing, indicating the excitonic nature of CsPbBr3 crystal. The reservoir state, which 
provides excited species to the polariton state, is attributed to long-lived free carrier. This quite novel 
mechanism of polariton lasing is expected to have an advantage over the conventional principles in 
terms of lowering the polariton condensation threshold. These findings shed light on importance of 
the perovskite materials as not only the lasing medium but also the platform of polaritonic devices. 
 
Results & Discussion 
We obtain CsPbBr3 microplates by antisolvent vapor-assisted crystallization method. Details of the 
growth procedure are described in the Method section. In short, small amount of perovskite 
precursor solution (dimethyl sulfoxide, DMSO) is dripped onto a substrate (a silica plate or a 
distributed Bragg reflector: DBR). We put the sample in poor solvent (acetonitrile, ACN) mist at 
room temperature [Fig. 1(a)]. One day later, plate-like crystals with lateral size of ~100 μm grow 
[Fig. 1(b)]. We can control the thickness of microplate by limiting the vertical space with a pair of 
the plates (i.e. space-limited antisolvent vapor-assisted crystallization method). Surface profile 
measurements show that the height of plates is in a range of ~0.2 – 1.5 μm [Figs. S1(a) and S1(b) in 
Supplementary Information]. Clear (100) facet spontaneously appears on the crystal surface, 
ensuring formation of high quality microcavities. X-ray diffraction analysis shows the [100]-oriented 
growth of CsPbBr3 microplates with cubic or orthorhombic phase [see section 1 and Fig. S1(c) in 
Supplementary Information].40 The absorption spectrum shown in Fig. 1(c) exhibits a band-edge 
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around ~2.3 eV that is comparable to recent studies.40 A resonant peak found at ~2.4 eV implies an 
existence of excitonic nature in CsPbBr3.17,18 
 
 
Figure 1. CsPbBr3 single crystal microplates. (a) Schematics for preparing the CsPbBr3 
microplates with anti-solvent vapor-assisted method. Perovskite precursor solution is 
prepared by solving CsBr and PbBr2 to DMSO. ACN is used as poor solvent. (b) A 
scanning electron microscopic image. (c) Absorption spectrum near the band gap energy. 
 
 Time-integrated PL spectrum of a bare CsPbBr3 microplate under optical pulse pumping 
(~220 nJ/cm2 at 405 nm) is shown in Fig. 2(a). The emission spectrum is decomposed into two 
Gaussian curves centred at ~2.33 and ~2.36 eV (denoted as P1 and P2, respectively), so-called 
double PL feature. Transient PL dynamics shown in Fig. 2(b) exhibit two decay components having 
time constants of ~0.67 and 16 ns. The variation of decay profile against the detection energy clearly 
reveals that the slow and fast decay components are inherent properties of the P1 and P2 emissions, 
respectively. Some recent studies have claimed that photon-recycling effect results in a red-shifted 
long-lived emission (i.e. P1 emission).40,41 As shown in Fig. S2 in Supplementary Information, 
however, the spectral and temporal PL profiles show no difference between the forward- and back-
scattered configurations,39 revealing a small contribution of the photon-recycling effect in our case, 
probably due to the crystal thickness as small as ~1 µm. Other studies have shown that strong spin-
orbit coupling and/or Rashba splitting effect strongly involve in the near band-edge PL properties 
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and are likely as the origin of double-PL feature.34-36 It is reported that the strong spin-orbit 
interaction splits a degenerate exciton state into an optically-passive (dark) singlet state and an 
optically-active (bright) triplet state.34,35 These states cannot be observed separately at room 
temperature as the energies of singlet/triplet separation and triplet splitting (in tetragonal or 
orthorhombic phases) are within a few meV in the case of CsPbBr3.34,35 Nevertheless, we can 
speculate that the PL spectrum of CsPbBr3 microplate involves emissions attributed to optically 
allowed and forbidden transitions. In addition to this, the Rashba splitting effect also causes the 
emergence of indirect transition in the momentum space.36 This would be more prominent for free 
carrier recombination. Wu et al. have explained very clearly the dynamical Rashba splitting effect as 
an origin of the double-PL feature,36 showing that the direct and indirect transitions coexist in the 
observed PL spectrum. Our results are very similar to their case, i.e. quadratic dependence of initial 
PL intensity 𝑃𝐿0 on pulsed pumping fluence 𝐼p. The quadratic dependence emerges in both the 
long-lived P1 emission and the short-lived P2 emission [Fig. 2(c), below ~5 μJ/cm2], demonstrating 
the free-carrier bimolecular recombination. Results of cw excitation measurement shown in the inset 
of Fig. 2(c) also supports the emergence of free-carrier recombination process; namely cw-PL 
intensities 𝑃𝐿cw show a dependence with the power index of 1.5 – 1.7 on cw-excitation power 
density 𝐼cw, indicating co-existence of radiative bimolecular recombination and nonradiative 
monomolecular recombination (see subsection 2-3 and Fig. S3 in Supplementary Information). Thus, 
we conclude that emission from the bare CsPbBr3 microplate involves the direct and indirect 
transitions (P2 and P1 emissions, respectively) probably due to the Rashba splitting effect, and that 
the excited species are free carrier. 
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Figure 2. PL characterization of a bare CsPbBr3 microplate with a thickness of ~800 nm. 
(a) Time-integrated PL spectrum under pumping fluence of ~220 nJ/cm2. The spectrum is 
fitted by two Gaussian curves, P1 and P2, which are shown by blue and green fills, 
respectively. Arrows indicate detection energies for time-resolved PL measurements. (b) 
Time-resolved PL decay profiles varied with detection energy. The decay profiles are fitted 
by bi-exponential functions (solid curves). The slow and fast components correspond to P1 
and P2 emission, respectively. (c) Pumping fluence 𝐼p dependence of initial PL intensities 
𝑃𝐿0 for P1 (blue circles) and P2 (green circles) emissions. Dashed lines show quadratic 
functions on 𝐼p. Inset shows excitation power 𝐼cw dependence of steady state PL 
intensities 𝑃𝐿cw. 
 
The pumping fluence dependence of 𝑃𝐿0 shown in Fig. 2(c) indicates saturation 
tendencies at 𝐼p > ~10 μJ/cm
2. At the even higher 𝐼p (> ~100 μJ/cm
2), the microplate exhibits a 
lasing action with whispering gallery mode (WGM),12,13 as shown in Fig. S4 in Supplementary 
Information. These results imply that most of the excited species are transferred to ‘photon-related’ 
excited states, namely the optical cavity modes. This photophysics appears also in ‘half-VCSEL’ 
samples that are CsPbBr3 microplates on a high reflectivity DBR substrate. Figure 3(a) shows a 
time-integrated PL spectrum for a half-VCSEL sample of a ~860 nm-thick CsPbBr3 microplate. A 
new emission peak (P3) appears at the lower energy side of P1 and P2 emissions. The P3 emission 
shows a thickness-dependent spectral variation as shown in Fig. S5 in Supplementary Information, 
indicating the optical resonance mode confined in low-Q vertical microcavity as the origin of P3. As 
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the energy range of P3 emission is included in the range of P1 emission, and not significantly 
overlapped with P2 emission, the P1-releted long-lived excited state provides the excited species to 
the optical resonance modes (P3 emission). The same photophysics appears more clearly in a ‘full-
VCSEL’ sample. As shown in Fig. 3(b), a below-threshold PL spectrum (𝐼p ~10 μJ/cm
2) of the full-
VCSEL sample exhibits only the P3 emission but the P1 and P2 emissions almost disappear. The 
single-exponential dynamics with a time constant as large as ~94 ns (see inset) demonstrates that the 
long-lived P1-related state acts as the reservoir of excited species for the P3 emission. As another 
important point, by comparing Figs. 2(a) and 3(a), we can find that the relative intensity of P2 
emission is much smaller in half-VCSEL sample than that in the bare microplate. Furthermore, it 
decreases monotonically with the increased 𝐼p (see Fig. S6 in Supplementary Information). We 
deduce from these results that an energy transfer process of P2 (short-lived state)→P1 (long-lived 
state)→P3 (photon-related state) is facilitated by the high excitation density and the strong optical 
confinement. We have found in a very recent study that Ruddlesden–Popper layered perovskite 
microplates and their microcavities exhibit a very similar energy transfer process.42 The detailed rate 
equation analyses have revealed that the energy transfer from a short-lived excited state (bright 
singlet exciton) to a long-lived excited state (dark triplet exciton) is facilitated by the reabsorption of 
emission.42 The CsPbBr3 microplate studied here also show similar excitation dynamics, which is 
established for free carriers involved in the direct and indirect transitions in momentum space. 
 
 
Figure 3. Below-threshold PL characterization of VCSEL samples with CsPbBr3 
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microplates. (a) Time-integrated PL spectrum of a half-VCSEL sample with a crystal 
thickness of ~860 nm. The pumping fluence is ~700 µJ/cm2. The spectrum is fitted by 
three Gaussian curves, P1 (blue fill, long-lived excited state), P2 (green fill, short-lived 
excited state), and P3 (red fill, photon-related state) emissions. Inset is a schematic of the 
half-VCSEL sample. (b) Time-integrated PL spectrum of a half-VCSEL sample with a 
crystal thickness of ~600 nm. Only the P3 emission is observable. Upper inset shows time-
resolved PL profile. Lower inset exhibits a schematic of the full-VCSEL sample. 
 
At the higher 𝐼p, the P3 emission of the full-VCSEL sample shows laser-like behaviours, 
as shown in Fig. S7(a) in Supplementary Information. The energy of laser-like emission depends on 
the thickness of CsPbBr3 microplate, but is limited to the energy range of P3 emission due to the 
energy transfer mechanism discribed above. The clear polarization dependence is also observable 
[Fig. S7(b)]. Now let us investigate further the underlying physics for this laser-like emission. Figure 
4(a) compares emission spectra of a full-VCSEL sample with a crystal thickness of ~1.1 µm 
measured under three different pumping conditions. At the weak excitation by a cw laser diode, the 
sample shows a broad emission spectrum centred at ~2.34 eV (see dashed black curve). This energy 
position corresponds to the P2 emission rather than the P1 emission, showing that the excitation 
density is not high enough and that the emission from the short-lived excited state (P2-related state) 
is still dominant. Under the pulsed pumping with 𝐼p of ~180 µJ/cm
2 (see purple curve), a spectrally 
narrowed emission appears at ~2.28 eV, which is within the energy range of P3 emission. When 𝐼p 
increases to ~1.2 mJ/cm2, the sample exhibits a laser-like emission (see red curve). The emission 
intensity shows a S-shaped nonlinear dependence on the pumping fluence with a threshold of ~250 
µJ/cm2, as shown by red circles in Fig. 4(b). At the same time, the spectral width drastically 
decreases from ~32 meV to a few meV (see blue triangles). Figures 4(c) – 4(e) are contour maps of 
angular-resolved PL results (0 ≤ 𝜃 ≤ 60 º) at the three different pumping conditions. Under the cw 
excitation [Fig. 4(c)], four or five dispersion modes appear around the energy range of P2 emission, 
which is close to the exciton absorption peak (𝐸𝑒𝑥 ~2.4 eV, dashed line). Angular dispersions of 
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these emission modes are well described as the uncoupled cavity-photon modes represented as 
𝐸𝑝ℎ(𝜃) = 𝐸𝑝ℎ(0)(1 − sin
2 𝜃 𝑛𝑒𝑓𝑓
2⁄ )
−1 2⁄
,23 where we consider the wavelength dispersion of 
background refractive index to account for the effective refractive index (𝑛𝑒𝑓𝑓 ~1.5 – 2.0, see 
subsection 3-1 in Supplementary Information). Under the pulsed pumping, as shown in Fig. 4(d), the 
emission range shifts to the range of P1 emission (~2.25 – 2.34 eV). More importantly, the 
uncoupled cavity-photon modes tend to disappear, and another mode emerges instead. The angular 
dispersion of the newly observed mode, 𝐸𝑝𝑜𝑙(𝜃), is well explained by a simple coupled oscillator 
model formed with 𝐸𝑒𝑥 and 𝐸𝑝ℎ(𝜃),
22,23 as shown by a thick dashed curve in Fig. 4(d) (see 
subsection 3-2 and Fig. S8 in Supplementary Information). This result clearly reveals a formation of 
cavity polariton mode. The Rabi splitting energy of ~270 meV is enough larger than the linewidths 
of 𝐸𝑒𝑥 and 𝐸𝑝ℎ (those are estimated to be ~50 meV for both in the absorption peak and the below-
threshold emission peak, respectively). Thus the microcavity system is under strong coupling 
regime.22,23 At the higher pumping fluence, as shown in Fig. 4(e), the emission signal eventually 
condenses into the energy minimum of the polariton dispersion curve, demonstrating the polariton 
lasing at room temperature.17,18,43-48 The above-threshold emission exhibits a blue shift in its peak 
energy and a slight increase in linewidth [see green squares and blue triangles in Fig. 4(b)]. These 
features are due to the polariton-polariton interaction in the condensed polariton state.24 We have 
confirmed the reproducibility of these observations as shown in Figs. S9 and S10 in Supplementary 
Information. While there is a variation in the threshold fluence and the dispersion characteristics, all 
samples with different crystal thicknesses show the same features as in Fig. 4, that are the transition 
in dispersion characteristic and the condensation into energy minima. 
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Figure 4. Polariton lasing in a full-VCSEL of CsPbBr3 microplate with a thickness of ~1.1 
µm. (a) Comparison of PL spectra (𝜃 = 0 º) obtained under cw-160 mW/cm2 excitation, 
180 µJ/cm2, and 1.2 mJ/cm2 pulsed pumping. (b) Pumping fluence dependencies of 
intensity (pink circles), line width (blue triangles), and peak position (green squares). (c) – 
(e) Contour maps of angle-dependent PL spectra at different pumping conditions. (c) The 
map obtained at the cw-160 mW/cm2 excitation. Dotted curves and a dashed line exhibit 
uncoupled cavity photon modes and exciton mode, respectively. (d) The map obtained at 
the pulsed-180 µJ/cm2 pumping (below threshold). A thick dashed curve shows a lower 
polariton branch resulting from strong coupling between cavity photon mode (dotted 
curve) and exciton mode (dashed line). (e) The map obtained at the pulsed-1.2 mJ/cm2 
pumping (above threshold). Energy condensation attributed to polariton lasing is clearly 
observed. 
 
 The photon-exciton strong coupling and polariton lasing reveal a presence of excitonic 
nature in CsPbBr3. This fact contradicts the observation of free carrier-like PL characteristics 
described before. Figure 5 depicts a physical model explaining the polariton lasing behaviour based 
on the exciton/free-carrier hybrid nature. At the weak pumping fluence [see Fig. 5(a)], hot carriers 
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generated by the nonresonant optical pumping first cool down to the P2-related state with a large 
radiative recombination rate. The radiative coupling from the P2-related state to the uncoupled 
cavity photon modes emerges preferentially, as observed in Fig. 4(c). This is quite reasonable given 
the Purcell effect.49 The system is thus in the weak coupling regime. As the pumping fluence 
increases, the physical picture changes dramatically, as shown in Fig. 5(b). The energy transfer from 
the short-lived P2-related state to the long-lived P1-related state is facilitated. Then the free carriers 
in the P1-related state can radiatively couple to the polariton branch, as observed in Fig. 4(d). The 
transition between the weak and strong coupling regimes would come from the difference in the 
lifetimes of P1- and P2-related states; namely, the coupling to the polariton mode requires the high 
excitation density in the reservoir state. It should be noted that, as found in Fig. 4(d), the polariton 
population below the threshold is prominent around the bottleneck position (𝜃 = 50 – 60 º). This fact 
implies that the stimulated cooling mechanism for the polariton condensation is due to the polariton-
polariton scattering, indicating again the excitonic nature of CsPbBr3. 
 
 
Figure 5. Schematic diagram illustrating relaxation and emission models in CsPbBr3 
microcavity. (a) A model for the low-pumping regime (below threshold). The microcavity 
system is in weak coupling regime. The excited species (free carriers) in the short-lived 
P2-related mode radiatively couple to bare cavity photon modes. (b) A model for the high 
pumping fluence regime (above threshold). The excited species are transferred to the long-
lived P1-related mode. The system exhibits a strong coupling regime where the radiative 
coupling from the P1-related state to the polariton mode emerges. 
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 In the discussion above, a question remains whether the main excited species is an exciton 
or a free carrier. The exciton binding energies of bromide-based perovskites have been reported to be 
30 – 60 meV.32 This is close to the activation energy at room temperature and are relatively large 
compared to those of iodide-based perovskites. Stranks et al. have proposed a model describing 
equilibrium properties between free carriers and excitons.31 Given those studies, the excitons and 
free carriers in CsPbBr3 may coexist and/or hybridize at room temperature. Nevertheless, it is 
interesting to note that the polariton lasing has been reported only in all-inorganic perovskite, i.e. 
CsPbBr3 or CsPbCl3,17,18 whereas hybrid organic-inorganic halide perovskites do not show the strong 
coupling or polariton lasing.49,50 We also examine a similar experiment for a full-VCSEL sample 
with MAPbBr3 (MA: methylammonium) microplate and find no polariton-like behaviour in the 
lasing action (see Fig. S11 in Supplementary Information). This fact clearly reveals the absence of 
excitonic nature in MAPbBr3.  
 
Conclusions 
Our experimental results demonstrate that the hybrid nature of CsPbBr3 leads to the unprecedented 
lasing mechanism, i.e. a polariton lasing based on free carrier reservoir. This is clearly 
distinguishable from the conventional polariton lasing where the (dark) exciton states serve as the 
excitation reservoir. Of course, it is quite different from the conventional photon lasing. We can 
expect some crucial advantages in the novel mechanism; (i) the reservoir state with a long lifetime 
and a large quantum yield is advantageous for lowering the threshold of polariton condensation, (ii) 
deactivation of polaritons by the Auger process is avoidable owing to the difference in momentum 
dispersion between the electron and polariton, and (iii) the free carrier nature in reservoir state is 
promising for the current driving. These features pave the way to develop a platform of room 
temperature polariton devices that are used not only for the highly functional coherent light sources 
but also for the low-power consumption quantum information technologies. 
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Methods 
Preparation of Precursor Solutions 
CsBr and PbBr2 were purchased from Tokyo Chemical Industry and used as received. They were 
dissolved in DMSO at a concentration of 0.4 M. The solution was stirred at 300 rpm and 50 ºC for 
10 minutes. After that, ACN was added as a poor solvent until the solution reached saturation. The 
solution was stirred at room temperature for 3 hours and subsequently filtered. 
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Crystal Growth 
CsPbBr3 microplates were grown by antisolvent vapor-assisted crystallization method.51,52 Two silica 
plates (area: 10 × 10 mm2 and thickness 0.5 mm) were cleaned with acetone, ethanol, and isopropyl 
alcohol in an ultrasonic bath for 5 minutes for each solvent. One of the plates was exposed to UV 
ozone to obtain a hydrophilic surface. The other was spin coated with hexamethyldisilazane in a 
two-step sequential condition (500 rpm for 5 seconds followed by 3,000 rpm for 10 seconds) to 
obtain a hydrophobic surface. 10 µl of the perovskite precursor solution mentioned above was casted 
on the hydrophilic substrate. The hydrophobic substrate was put on the solution, and then the two 
plates were pinched with a bulldog clip. The sample was placed in a glass beaker (100 ml), into 
which 3 ml of ACN was dropped. The glass beaker was sealed with cling film and was put on a 
hotplate (40 ºC) to fill the inner space of beaker with the ACN mist. The ACN mist penetrated the 
gap between the two plates slowly, promoted the nucleation of CsPbBr3, resulting in microplate after 
one day. We could control the thickness of microplate by limiting the vertical space with a pair of the 
plates (i.e. space-limited antisolvent vapor-assisted crystallization method).51-54 The lateral size and 
thicknesses of crystals were evaluated by a scanning electron microscope (TM3030 plus, Hitachi) 
and a surface profiler (Dektak XT-S, Bruker) observations, respectively, after removing the top plate. 
Typically, the microplates showed square or rectangular shapes with a dimension of 50 – 200 μm, 
and their thickness is in a range of 200 nm – 3.5 μm. X-ray diffraction measurements (D8 Discover, 
Bruker) showed two distinct peaks at 15.2 º and 30.5 º, which are attributed to diffractions of (100) 
and (200) planes, respectively, and consistent with a recent report on the cubic or orthorhombic 
CsPbBr3 microplate.40,51,55 
 
Microcavity Fabrication 
To fabricate microcavities, glass plates on which DBRs were deposited were used instead of the 
untreated silica plates. The DBRs were multilayers of SiO2 and TiO2 on BK7 glass plates (area: 10 × 
10 mm2 and thickness 0.5 mm). The rf-magnetron sputtering method was employed for the 
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deposition of nine pairs of SiO2 and TiO2 layers. The resultant DBR had a reflectivity larger than 
99 %. In this study we used two types of DBRs [see Fig. 4(a)]. One of them had a reflection band of 
~450 – 550 nm and was used as the top mirror. The other had a reflection band of ~500 – 600 nm 
and was used as the bottom mirror. This combination enabled the formation of microcavity with a 
band of 2.1 – 2.6 eV as well as good transparency for excitation light (405 nm or 351 nm). See Fig. 
S7 in the Supplementary Information for more detailed. 
 
Optical Characterizations 
All optical measurements were carried out at room temperature. The absorption measurement was 
performed by using a spectrometer (UV-2500PC, Shimadzu). For weakly pumped PL measurements, 
we used a 405-nm diode laser with a pulse with of < 39 ps as excitation light source (PiL040X, A. L. 
S. GmbH), which operated at repetition frequency of 10 MHz and output power of 200 µW. Time-
integrated PL spectra were recorded by using a monochromator (Triax 550, Horiba) equipped with a 
multichannel photodetector (Synapse, Horiba). The spectral resolution was ~0.3 nm. The emission 
counts were measured with time-integration for 1 s. To perform time-resolved PL measurements, the 
emission was dispersed in a monochromator (SPG-120SS, SHIMADU) and detected by a single-
photon detector (ID-100, ID Quantique). The signal was collected with a time-correlated single 
photon counting module (SPC-130EM, Becker & Hickl GmbH). Neutral density filters were used 
for varying the pumping fluence. For strongly pumped PL measurements, the third harmonic 
generation of the Nd: YLF ~8-ns pulse laser with a wavelength of 351 nm and a repetition rate of < 
10 Hz (Quantas-Q1D-TH-ATF, Quantum Light Instruments) was used as an excitation source. In the 
angle-resolved PL measurements, the laser light was focused using a plano-convex lens with a focal 
length of 200 mm. The detection angle of emission was varied by using a home-made rotational 
stage on which an optical fibre (core diameter of 1 mm) for collecting the emission was placed. 
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